5,5'-Dithiobis(2-nitrobenzoic acid) (DTNB) was selected as an electron transfer mediator and was covalently immobilized onto high porosity carbon cloth to employ as a working electrode in an electrochemical NAD + -regeneration process, which was coupled to an enzymatic reaction. The voltammetric behavior of DTNB attached to carbon cloth resembled that of DTNB in buffered aqueous solution, and the electrocatalytic anodic current grew continuously upon addition of NADH at different concentrations, indicating that DTNB is immobilized to carbon cloth effectively and the immobilized DTNB is active as a soluble one. The bioelectrocatalytic NAD + regeneration was coupled to the conversion of L-glutamate into α-ketoglutarate by L-glutamate dehydrogenase within the same microreactor. The conversion at 3 mM monosodium glutamate was very rapid, up to 12 h, to result in 90%, and then slow up to 24 h, showing 94%, followed by slight decrease. Low conversion was shown when substrate concentration exceeding 4 mM was tested, suggesting that L-glutamate dehydrogenase is inhibited by α-ketoglutarate. However, our electrochemical NAD + regeneration procedure looks advantageous over the enzymatic procedure using NADH oxidase, from the viewpoint of reaction time to completion. Keywords: Electrochemical NAD + regeneration, DTNBmodified carbon cloth, α-ketoglutarate, monosodium glutamate, L-glutamate dehydrogenase, electroenzymatic bioreactor Dehydrogenase-catalyzed reactions are very important for synthetic applications as they offer asymmetrization of a substrate to yield a chiral product. A large number of dehydrogenases are NAD(P) + -dependent. Regeneration of NAD(P)
Dehydrogenase-catalyzed reactions are very important for synthetic applications as they offer asymmetrization of a substrate to yield a chiral product. A large number of dehydrogenases are NAD(P) + -dependent. Regeneration of NAD(P)
+ from NAD(P)H is important when the NAD(P) + -dependent dehydrogenases are used to catalyze preparativescale oxidations. For this purpose, different kinds of methods are proposed, namely chemical, enzymatic, and electrochemical regenerations. Concerning the criteria of the usefulness of a regeneration method, the simplicity of execution of the electrochemical reactor is a great advantage. The electrochemical method may be more practicable for regeneration of NAD(P)
+ than for regeneration of NAD(P)H. It is because regioselectivity is not a problem in the oxidation of NAD(P)H to NAD(P) + . However, the direct electrochemical oxidation of NAD(P)H as well as the electroreduction of NAD(P)
+ is kinetically unfavored [7] and requires overpotentials as large as 1 V to achieve significant oxidation rates at bare electrodes. The limitations of the direct anodic oxidation of NAD(P)H can be circumvented by using redox mediators. Compounds undergoing twoelectron transfer processes such as quinines [24] and organic dyes [8] are good mediators.
To design economical industrial processes based on dehydrogenases, it is necessary to physically confine the reaction species within the reactor and to regenerate NAD(P)
. Mediators for electron transfer should be retained within reactors by binding to electrodes, while NAD(P) + can be confined in a soluble state within reaction vessels equipped with a nano-filtration membrane [19] or an anioncharged membrane [9] in continuous enzymatic synthesis. Very few systems [1, 12, 13] have been applied to synthetic oxidation reactions, requiring further study. Phenazine methosulfate was immobilized on a graphite electrode surface by adsorption to construct an electrochemical bioreactor system [12] . FAD was covalently attached to *Corresponding author Phone: +82-63-270-2568; Fax: +82-63-270-2572; E-mail: seyun@jbnu.ac.kr glassy carbon with a carbodiimide to test the ability of the immobilized FAD to reconstitute enzyme activity with an oxidase apoenzyme [11] . Modified electrodes should have high stability for long-time usage in the electrochemical bioreactors. Adsorption may not be a method of choice since it is relatively easy to remove any adsorbed mediators from the support electrode. Any support unlike graphite and glassy carbon needs to have a large surface area, if there is to be industrial applications.
In this paper, covalent attachment of a mediator on the surface of a support is done with the aim to use the modified electrode in synthetic application. Carbon cloth as a support is expected to be more than satisfactory for the preparative scale electrolytic work; the electrochemical surface area is very large owing to the extremely high porosity, and the cost is low. 5,5'-Dithiobis(2-nitrobenzoic acid) (DTNB) is selected as a mediator since it exhibited a well-behaved pH-dependent redox couple centered at -0.04 V at pH 7.0, with a moderately fast charge-transfer rate constant [6] and has two carboxyl groups, which are independent on the redox reaction and expected to participate in covalently binding with the carbon cloth. DTNB bound covalently to carbon cloth using carbodiimde and the resulted DTNBmodified carbon cloth was employed as the working electrode in electrochemical NAD + regeneration. The bioelectrocatalytic NAD + -regeneration procedure was coupled to the conversion of L-glutamate into α-ketoglutarate by L-glutamate dehydrogenase within the same microreactor (Fig. 1) . α-Ketoglutarate is a component of endoperitoneal solutions for the conservative treatment of mild chronic renal insufficiency in hemodialysis patients and, in combination with calcium carbonate, of hyperphosphatemia [17, 23] . Here, we demonstrate the feasibility to construct an electroenzymatic bioreactor with a good kinetic and synthetic performance by combining an enzymatic reaction with DTNB-mediated electrochemical regeneration of NAD + . 
MATERIALS AND METHODS

Materials
Methods
Immobilization of DTNB onto carbon cloth. Carbon cloth was activated according to the method described in the literature [11] . Carbon cloth (6 cm 2 ) was immersed in 70% nitric acid for 15 min, followed by washing with distilled water for several times. Then, it was kept in concentrated sulfuric acid at 170 o C for 1 h, followed by washing with distilled water for several times. This oxidized carbon cloth was utilized as the working electrode to compare the results with the DTNB-modified carbon cloth. To the oxidized carbon cloth, DTNB was immobilized by the carbodiimide activation method [10, 11] . The oxidized carbon cloth was immersed in 10 ml of 20 mM EDC and 5 mM NHSS in distilled water for 10 min at room temperature (25 o C). After washing, this carbon cloth was incubated in 20 mM DAP dissolved in distilled water for 8 h at room temperature, followed by washing with distilled water. Then, the carbon cloth attached by DAP as a spacer arm was incubated in Tris buffer (0.1 M, pH 7.3) containing 10 mM DTNB, 10 mM EDC, and 2.5 mM NHSS for 8 h at room temperature. Electrochemical testing of the DTNB covalently immobilized onto carbon cloth. Cyclic voltammetry was used to characterize the immobilized DTNB and to determine the DTNB loading. A Voltammetric Analyzer CV-50W (Bioanalytical Systems, Inc., USA), along with a platinum wire auxiliary electrode and an Ag/AgCl reference electrode, was used for the measurement. The DTNBmodified carbon cloth (6 cm 2 ) as working electrode was immersed in the supporting electrolyte (0.1 M Tris buffer, pH 7.3). Nitrogen of 99.998% purity was bubbled through the cell to scrub out oxygen. The cyclic voltammograms were run at 10 mV/s sweep rate between -200 to +300 mV (vs. Ag/AgCl). Construction of electrochemically driven bioreactor. The coupled reactions of the electrochemical oxidation of NADH with diaphorase and the enzymatic oxidation of NADH with gluDH were carried out in the anode compartment of a cell that was divided into two compartments with a frit (Fig. 2) . Tris buffer (0.1 M, pH 7.3) containing NAD + (0.5 mM), gluDH (3.2 U/ml), MSG (5 mM), and diaphorase (1.5 U/ml) was added to the anode compartment. The DTNB-modified carbon cloth (6 cm 2 ) and Ag/AgCl electrode were immersed into the anode compartment (17 cm 3 ) as the working and reference electrodes, respectively, while a platinum wire as counter electrode was put in After the electrolyte was purged with N 2 for 10 min, electrolysis was started with a potentiostat (Voltammetric Analyzer CV-50W) at the constant potential of 150 mV (vs. Ag/AgCl) at 30 o C. The same experiment was carried out with bare carbon cloth as the working electrode, adding 1 mM DTNB into the anode compartment along with NAD + (0.5 mM), gluDH (3.2 U/ml), MSG (5 mM), and diaphorase (1.5 U/ml). The reaction was conducted at predetermined time intervals, and the solution was used for the extraction of AKG. Extraction of α-ketoglutarate from reaction solution. The reaction solution of 0.2 ml was added to the same volume of acetonitrile and then filtered through a 0.2 µm syringe filter (DISMIC-13JP disposable syringe filter, PTFE). The whole volume was transferred to an HPLC vial for quantification. The same extraction procedure was followed for standard solutions (1, 2, and 5 mM concentrations of AKG). Analysis of α-ketoglutarate. The product AKG was analyzed with HPLC (Shimadzu LC20-A, Shimadzu Co., Japan) using a capcell pak C18 UG120 S-5 µm (Shiseido Co., Ltd., Japan) column. HPLC water and acetonitrile-water (30:70) containing formic acid up to 1% were used as mobile phases A and B, respectively. The gradient elution was made at the flow rate of 0.1 ml/min: 0.01-20 min, 100-30% B; 20-30 min, 30% B. A 10 µl aliquot of the final test solutions was injected into the HPLC system. The temperature and flow rate were maintained at 30 o C and 0.1 ml/min, respectively. AKG was detected at 340 nm using a UV visible detector. Effect of α-ketoglutarate and ammonia on the activity of Lglutamate dehydrogenase. By monitoring the decrease of NADH in a UV spectrophotometer at 340 nm at room temperature (25 o C), gluDH activity was measured. The assay solution was 0.1 M Tris buffer (pH 7.3) with 2, 4, 8, and 10 mM of AKG and NH 3 (1:1), respectively, and 0.05 mM NADH. After 3.2 U/ml gluDH was added to yield a final volume of 1 ml, the solution was mixed and data collection was started.
RESULTS AND DISCUSSION
Characterization of the DTNB Covalently Attached onto Carbon Cloth 5,5'-Dithiobis(2-nitrobenzoic acid) (DTNB) was covalently coupled to carbon cloth, since each carboxyl group at the 1 and 1' position of the DTNB molecule may function to form an amide bond with the amino group. FAD was found to couple glassy carbon covalently with a carbodiimide between the adenine amino group of FAD and the carboxyl group of glassy carbon, which was created by surface oxidation with the method of hot acid oxidation, O 2 plasma treatment, or an electrochemical oxidation [11] . Since the hot acid oxidation was reported to be effective, carbon cloth was treated in our present study with nitric acid and then sulfuric acid to create carboxyl groups on the surface for coupling to DTNB. Before reacting with DTNB, DAP as a spacer arm was bound to the activated carbon cloth with a carbodiimide, followed by reacting with the carbodiimide between the amino group of DAP and the carboxyl group of DTNB to result in DTNB-modified carbon cloth. The surface concentration of attached DTNB was estimated by integrating the peak area, based on the geometric surface area. The surface concentration of attached DTNB was estimated to be 6.3 × 10 -10 mol/cm 2 , which is no more than that of glassy carbon of 7.7 × 10 -10 mol/cm 2 [11] . No increase of the surface concentration was shown in our study, although carbon cloth is much larger than glassy carbon, requiring further study.
Before pursuing actual cofactor regeneration, we characterized the DTNB covalently attached to carbon cloth using cyclic voltammetry. As shown in Fig. 3 , the voltammetric behavior of DTNB covalently attached to carbon cloth resembled that of DTNB in buffered aqueous solution, indicating that DTNB was covalently immobilized to carbon cloth effectively and the immobilized DTNB is active as a soluble one. Separation in potential between the cathodic and anodic peaks of the immobilized DTNB was a little larger than that of soluble DTNB, although the sharpness of the cathodic and anodic peaks was almost the same in either immobilized or soluble DTNB. The larger separation of the immobilized DTNB can be ascribed to the decrease of the diffusion rate of DTNB to the electron surface. DTNB covalently attached to carbon cloth seems to be limited to transfer electron to the electrode, although it presents in the vicinity of the electrode surface.
Oxidation of NADH with DTNB Covalently Attached to Carbon Cloth
Additional evidence to support the conclusion that the DTNB was covalently bound to the surface and active as a redox mediator was obtained by oxidizing NADH. We examined the ability of DTNB covalently attached to carbon cloth to catalyze the oxidation of NADH. Fig. 4 shows the cyclic voltammograms of DTNB covalently attached to carbon cloth upon addition of NADH at different concentrations. An electrocatalytic anodic current grew continuously with the increase of the concentration of NADH, indicating that DTNB attached to carbon cloth works well. The peak potential for the oxidation of NADH was around 100 mV and was compared with FAD-modified glassy carbon, which showed the peak potential of 580 mV [11] , providing new ideas for application of DTNB-modified carbon cloth to preparative-scale electrolytic work.
Effect of Diaphorase and Reaction Time on Production of α-Ketoglutarate
Diaphorase was employed to increase the electrocatalytic NAD + regeneration, since it is well known that the electron transfer between NAD(P)H and the mediator is rather slow and, in many cases, electron transfer catalyzed by diaphorase results in a large enhancement of reaction rates. The enzymatic conversion of MSG into AKG in the presence of diaphorase was compared with the results without diaphorase. As shown in Fig. 5 , the conversion in the presence of diaphorase was rapid only up to 24 h, and very negligible production was observed when the reaction time was extended up to 60 h. The conversion was completed in about 36 h, resulting in about 2.9 mM of AKG from 5 mM of MSG (57% of conversion yield). In the absence of diaphorase, the yield at 60 h was a little less than 0.7 mM (14% of conversion yield), although production of AKG was increased slowly up to 60 h without completing the reaction. In our present study, the conversion in the presence of diaphorase showed more than 4 times that in the absence of diaphorase.
Rate constants of 1 × 10 6 M -1 s -1 for the reaction between NADH and diaphorase and 3 × 10 4 M -1 s -1 for the reaction between diaphorase and ferrocene were found, whereas a value of 8 M -1 s -1 was found for the parallel competitive reaction between NADH and mediator [2] . Diaphorasecatalyzed NAD(P)
+ regeneration was reported with methylene blue [18] , ferrocene [2, 16] , N-methyl-p-aminophenol [15] , viologens, and several quinoid compounds [22] . Most of the mediators described here and elsewhere [20] were developed for analytical purposes. A mediator with a good kinetic and synthetic performance and stability under viable production conditions has yet to be found.
Inhibition of the Products to the Activity of L-Glutamate Dehydrogenase An attempt was made to check whether the enzyme gluDH used in the present study is inhibited by the products AKG and NH 3 , since only 57% of conversion was resulted, as shown in Fig. 5 . The other product, NADH, was not tested since the NADH emerged during the enzymatic oxidation of MSG is expected to be regenerated to NAD + by insitu 
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electrochemical oxidation. Fig. 6 shows the effects of AKG and NH 3 on the activity of gluDH. The activity of the enzyme was revealed as a ratio of the highest activity at 1 mM AKG and 1 mM NH 3 . GluDH was inhibited by a mixture of AKG and NH 3 (1:1) at concentrations higher than 2 mM, revealing that the relative activities are 96%, 91%, and 87% at 3, 4, and 5 mM of mixture of AKG and NH 3 (1:1), respectively. In accordance with the literature [3-5, 14, 21] , we found gluDH to be inhibited by the products.
Effect of Substrate Concentration on the Production of α-Ketoglutarate A batch experiment to produce AKG was conducted at various concentrations of MSG from 3 to 5 mM (Fig. 7) . The conversion at 4 and 5 mM MSG was rapid only up to 12 h and then slow up to 48 h, without completing the reaction, to result in 60% and 51% at 4 and 5 mM MSG, respectively. However, the conversion at 3 mM MSG was very rapid up to 12 h to result in 90%, and then slow up to 24 h showing 94%, followed by a slight decrease. Rapid conversion may be ascribed to the efficiency of the NAD + -regeneration procedure, in which carbon cloth was used as support and mediator DTNB was immobilized onto the surface of carbon cloth. Carbon cloth provides a large surface area, and DTNB is present in the vicinity of the electrode surface, facilitating electron transfer. When soluble DTNB was used, conversion at 3 mM MSG was about 80% after 24 h reaction (data not shown).
Low conversion was shown when substrate concentration exceeding 4 mM was tested. About 2.5 mM of AKG was formed in the reaction solution from the substrate, MSG at the concentrations as high as 4 and 5 mM, and was assumed to inhibit the action of gluDH. This assumption could be supported by the fact that the conversion to AKG as high as 94% was achieved from 3 mM of MSG, and then decreased after 24 h reaction, during which more than 2.8 mM AKG were present in the reaction solution.
According to a result [14] from an enzymatic process with gluDH, which is coupled with NADH oxidase to regenerate NAD + , formation of AKG from 5 mM MSG was completed after 18 h reaction, resulting in near 100% conversion. However, in a coupled reaction run at 25 mM MSG, conversion after 18 h was just beyond 25%. GluDH from C. symbiosum seems to be less sensitive to product inhibition than the enzyme used in our present experiment. From the viewpoint of reaction time to completion, our electrochemical NAD + -regeneration procedure looks advantageous over the enzymatic procedure using NADH oxidase, since the conversion in our experiment was very rapid, up to 12 h, to complete almost the reaction, whereas conversion using NADH oxidase after 12 h was just beyond 60%.
Inhibition of gluDH by the product AKG is believed to be a big challenge to an efficient process in such a batch process. A strategy for avoiding product accumulation is also needed. We demonstrated the feasibility of an electrocatalytic NAD + -regeneration procedure to combine with an enzymatic process to form AKG from MSG as a driving force. Our electrochemical NAD + -regeneration procedure looks advantageous over the enzymatic procedure using NADH oxidase, since the conversion was very rapid. Employment of carbon cloth as the support electrode and immobilization of mediator DTNB onto the electrode may be ascribed to enhancement of the NAD + -regeneration efficiency, since carbon cloth provides a large surface area, and DTNB is present in the vicinity of the electrode surface, facilitating electron transfer.
